1. Introduction {#sec0005}
===============

Infants' early-developing attentional preferences for faces may be foundational in the development of social brain networks and our sophisticated capacity to recognize various communicative signals from each other's faces ([@bib0105]; [@bib0110]; [@bib0130]; [@bib0155]). Newborn infants hold attention longer on faces than non-face patterns and by six months of age, infants begin to discriminate and categorize facial expressions of basic emotions ([@bib0110]; [@bib0130]; [@bib0155]). At this age, infants also start to exhibit a robust attentional bias to fearful over other facial expressions ([@bib0220], [@bib0215]). Seven-month-old infants look longer at fearful faces than at happy faces () [@bib0200] and are slower to disengage attention from fearful than happy or neutral faces when being "distracted" by a competing stimulus ([@bib0215]). A similar bias is not found for angry faces vs. happy or neutral faces ([@bib0165]). These findings suggest that the bias to look at fearful faces may arise from some specific characteristics of fearful faces, including their unique physical characteristics (e.g., wide-open eyes ([@bib0220])), the possibility that fearful faces are more novel than other facial expressions in infants' rearing environment ([@bib0215]; [@bib0270]), or infants' rudimentary understanding of the unique communicative meaning of fearful faces as signals of potential danger in the environment ([@bib0220]; [@bib0320]).

While the bias to look at fearful faces is well-documented in infants, its neural bases remain poorly understood. Previous research has suggested that amygdala and related early-maturing subcortical network, is a key neural part of infants\' attentional bias for faces ([@bib0110]) and fear processing ([@bib0325]). Human and primate amygdalae reach anatomical "maturity" early in development ([@bib0020]; [@bib0035]; [@bib0070]; [@bib0100]; [@bib0135]; [@bib0185]). The amygdala has reciprocal connections to various cortical regions, which are important for mediating attentional processing ([@bib0010]; [@bib0290]). Recent studies have further shown that individual variations in amygdala volume and amygdalo-cortical connectivity are visible at birth and correlate with later behavioral phenotypes ([@bib0080], [@bib0075]; [@bib0180]; [@bib0250]). For instance, neonate amygdala volumes have been found to correlate positively with an escape response to a fearsome toy at 12 months among preterm and term born infants ([@bib0045]). Early amygdala volume may also be linked to environmental factors, including maternal pre- and postnatal psychological distress and fear bias ([@bib0245]; [@bib0315]). However, no studies have yet examined the links between amygdala and attentional bias for fearful facial expressions in infants. Connecting the amygdalae volumes with a well-established infant cognitive phenotype, emerging at this age, may aid in the identification of normative as well as pathological fear development.

In this prospective longitudinal study, we examined whether early-appearing variations in bilateral amygdala volume, measured 2--5 weeks after birth with MRI, predict infants\' emerging attentional bias to fearful facial expressions at age 8 months. We used eye tracking and an emotional overlap paradigm to assess infants' attentional disengagement from fearful, happy and neutral facial expressions, as well as from scrambled face pattern, while a salient competing stimulus was shown in the visual periphery (an age-appropriate paradigm, see e.g. ([@bib0060]; [@bib0165]; [@bib0190]; [@bib0230], [@bib0220]; [@bib0285])). Studies using this approach have shown that starting between 5 and 7 months, infants\' disengagement times are longer for fearful compared to non-fearful facial expressions [@bib0170], and that this bias is heightened in infants raised in environments with higher levels of psychosocial stress ([@bib0060]; [@bib0125], [@bib0120]). Given the early appearance of individual variations in amygdala volume, and the allegedly central role of this structure in perceptual vigilance for fear, the hypothesis tested in the current study was that the individual variations in amygdala volumes at birth are associated with attention to fearful, but not happy or neutral faces at 8 months. No hypothesis for the direction or the laterality of the effect was set as previous studies have reported mixed results in the associations between the amygdalae volumes and emotion processing (Cynthia M. [@bib0265]), and studies investigating the neural foundations of the developing fear systems in infancy are lacking.

2. Methods {#sec0010}
==========

The study was conducted according to the Declaration of Helsinki and was reviewed and approved by the Ethics Committee of the Hospital District of Southwest Finland (MRI: §95, ETMK:31/180/2011; Eye tracking: §322, ETMK:107/180/2012). The mothers gave informed consent on behalf of their infant.

2.1. Participants {#sec0015}
-----------------

The study sample comprised of N = 65 (54 % male) infants, enrolled in the large ongoing FinnBrain Birth Cohort Study ([@bib0115]). Pregnant mothers were recruited to the study at their first ultrasound visit (gestational week \[gwk\] 12) at three maternal well-fare clinics performing ultrasound scans for the women giving birth at Turku University Hospital in the Southwest Finland Hospital District and the Åland Islands in Finland between December 2011 and April 2015. The inclusion criteria were (a) an ultrasound-verified pregnancy and (b) sufficient knowledge of Finnish or Swedish (the official languages of Finland). All infants (N = 65) with completed neonatal magnetic resonance imaging at 2--5 weeks gestation corrected age and valid eye-tracking assessment at 8 months were included in the current analyses. The eye-tracking assessments and imaging were conducted as part of the visits of FinnBrain *Child Development and Parental Functioning Lab and Neuroimaging Lab* visits at the University of Turku.

2.2. Demographics {#sec0020}
-----------------

The demographic characteristics regarding maternal education, smoking and alcohol consumption were collected with questionnaires at gwk 14 ([Table 1](#tbl0005){ref-type="table"}). The data on maternal and infant age were retrieved from national birth registries (National Institute for Health and Welfare, [www.thl.fi](http://www.thl.fi){#intr0005}).Table 1The sample characteristics.Table 1*All (N = 65)Female (N = 30)Male (N = 35)p****Infant characteristics***, Mean(SD; Range)PD Scrambled.75(.23).74(.22).76(.24).55PD Neutral.58(.25).56(.27).60(.23).78PD Happy.55(.25).53(.21).57(.28).45PD Fear.44(.29).40(.27).47(.31).34Left Amygdala Volume (mm^3^)266.89(41.18)248.44(30.16)282.71(43.11).001Right Amygdala Volume (mm^3^)265.45(42.75)243.09(34.07)284.62(40.39)\<.001Intracranial Volume (mm^3^)627241.71(50211.82)606211.73(47216.11)645267.40(46039.25).001Gestational Age (days) at Birth278.09(7.96;254−295)278.30(8.36)277.91(7.72).85Age (days) at MRI from Birth27.08(7.74;14−54)27.74(7.60)26.30(7.95).46Age (days) at MRI from Conception305.17(6.98;291−320)304.60(7.15)305.66(6.90).55Age (months) at ET from Conception8.12(.20;7.80−8.73)8.11(.20)8.14(.20).47Head Circumference (cm)35.02(1.50;5.0)34.66(1.54)35.33(1.42).07Birth Weight (grams)3480.47(447.94;2170)3391.90(488.04)3553.86(404.25).15  ***Maternal characteristics***, Mean(SD)Age (years) at Delivery30.42(4.41)30.07(4.59)30.71(4.29).60Education (%)Low30.237.923.5.25Middle31.734.529.4High38.127.647.1Smoking (%)Yes, early pregnancy8.16.110.3.54Yes, late pregnancy1.603.4.28Alcohol (%)Yes, early pregnancy27.439.413.8.02Yes, late pregnancy12.717.66.9.19[^2]

2.3. MRI acquisition {#sec0025}
--------------------

Participants were scanned with a Siemens Magnetom Verio 3 T scanner (Siemens Medical Solutions, Erlangen, Germany). The 60-minute protocol included a 2D PD-T2 TSE (dual-echo turbo spin echo) and a 3D T1 MPRAGE (T1-weighted magnetization prepared - rapid gradient echo) sequence, both providing isotropic 1.0 mm^3^ voxels with whole brain coverage. A repetition time (TR) of 12070 ms and effective Echo times (TE) of 13 ms and 102 ms were used to produce both PD-weighted and T2-weighted images from the same dual-echo TSE acquisition. The 3D T1 MPRAGE was acquired in sagittal plane with a TR of 1900 ms, TE of 3.26 ms, inversion time (TI) of 900 ms, and flip angle (FA) of 9 degrees. A more detailed description of the scanning protocol is provided in our prior reports ([@bib0150]; [@bib0275]).

All the brain images were assessed by a pediatric neuroradiologist for incidental findings. If those were found, parents were given a follow-up opportunity with a pediatric neurologist. Developmental status has thereafter been normal for all of the participants [@bib0145] . The incidental findings have been found to be common and clinically insignificant in previous studies ([@bib0255]; [@bib0330]), and were deemed not to affect the volumetric estimates of interest. Thus, these participants were kept in the sample.

2.4. Construction of an unbiased population-specific template {#sec0030}
-------------------------------------------------------------

The measurements used in the analysis were derived using fusion-based methods that depend on achieving good registrations between the subjects and the template. This is increasingly difficult to achieve the further the template is from the subjects' images. Thus, we constructed a population-specific dual-contrast template. All available, good quality imaging data was used for template construction following visual quality control (N = 125 / 180). Each subject's T2 was linearly registered to their T1, and then the two together were linearly registered to the MNI 152 template. The average scaling from the native MRIs to the MNI 152 template was then computed, and the inverse used to scale the MNI 152 template to the average size of the population, which served as an initial target for construction of the population-specific template as described in ([@bib0055]). This iterative procedure builds a template that minimizes the mean squared intensity difference between the template and each subject's MRI, and minimizes the magnitude of all deformations used to map the template to each subject's MRI. This method was applied to the T1 scans producing non-linear transformations from the template space to each scan, then these transformations were used to map the T1 scans to the template space, where they were averaged to create the T1 template; these transformations were also combined with the T2 to T1 transformations to map the T2 scans into the common space where they were averaged to create the T2 template.

2.5. Labelling the template {#sec0035}
---------------------------

The structures of interest, i.e. the amygdalae, were manually labelled based on a previously described approach ([@bib0090]) on the dual-contrast templates -- noting that 0.5 mm^3^ resolution allowed more accurate segmentation. To ensure that these labels were accurate, we produced 21 variants of the template (each a non-linear transformation of the template to overlay one of the subjects in the population). For the creation of the 21 sub templates, the generalized conformity index (GCI) for amygdala was 0.703 ([@bib0140]). Scores of 0.7--1.0 are regarded as excellent (John J. [@bib0025]; [@bib0335]). The non-linear transformations derived from the template construction procedure were used to cluster the subjects into 21 clusters from which 21 targets for manual segmentation of the amygdalae were created. As the basis for clustering, the Jacobian was computed for the non-linear transform mapping each subject to the template. The values in the Jacobian were then extracted as a vector for each voxel within the template brain mask, and then clustered using an equal combination of cosine similarity and Euclidean distance with Ward's clustering method ([@bib0300]) - with the number of clusters chosen to be 21. Then, within each cluster, the sum-squared distance from each subject to each other subject was computed, and the subject with the minimum sum-squared distance was taken as the central-most subject of the cluster. The dual-contrast template constructed in the previous step was then warped to these 21 representative subjects, and provided for manual segmentation (without those doing that segmentation being made aware that these were, in fact, 21 different versions of the same template). The manual segmentations were then warped back to the standard template, and each voxel was assigned a label based on the majority vote across all 21 manual segmentations. This yielded the final labels for the amygdalae on the standard template.

2.6. Labelling the subjects {#sec0040}
---------------------------

Segmentation into left and right amygdalae for each subject was done using a label-fusion-based labeling technique based on [@bib0050], and further developed by [@bib0310], and [@bib0175]. The approach uses a population-specific template library. In the current work, the library was constructed by clustering (similarly to the method described above) the deformation fields from the non-linear transforms produced during construction of the template and using the central-most subject of each cluster to construct the entries in the template library. Thus, the template library represented the range of deformations found in the population. The clustering was done as described above but using a dilated mask of the amygdalae and in order to capture the anatomical context of the nonlinear registration in that area of the brain, and with the number of clusters now chosen as the square of the natural log of the number of subjects. The representative subject for each cluster was chose as described above. Importantly, this was done per hemisphere to accommodate hemispheric asymmetries.

To create the library entry for a cluster, the non-linear transform for the central-most subject was used to warp the template together with the segmentation defined on it, and this pair was added to the template library. The template library was thus a set of warped copies of the template together with their correspondingly warped segmentations. Once the template library had been created, each subject in the population was non-linearly registered to the *n* closest templates in the library, and the resulting transforms were used to warp their corresponding segmentations to the subject; the final labelling was then established via a per-voxel majority vote. This was also done separately for each hemisphere. The volumes of each of the final labeling was then computed and scaled to native space based on the scaling factors in the subject's linear transforms. The output was inspected to assure the quality of the segmentations.

2.7. Eye-tracking-based assessment of infant attention disengagement from facial expressions {#sec0045}
--------------------------------------------------------------------------------------------

### 2.7.1. Procedure {#sec0050}

During eye-tracking, the infant sat on his/her parent's lap at the distance of 50--70 cm from the eye-tracker (EyeLink1000+, SR Research Ltd, Toronto, Ontario, Canada). A sampling frequency of 500 Hz was used. A five-point calibration procedure, with an audiovisual animation sequentially presented in five locations on the screen, was used before every measurement. This could be repeated at least two times before actual testing and also during measurement when necessary. Small breaks were allowed during measurement, if necessary. The researcher sat in the same, dimly lit room as the infant and parent but was separated by a curtain to avoid interference. The researcher used another independent computer to manage the measurement.

The overlap paradigm ([@bib0215]) was used to study infant attention disengagement from a centrally presented face or a scrambled face control stimulus to a lateral distractor. This paradigm has been used in several previous studies to examine infants' attentional biases for fearful vs. non-fearful facial expressions (e.g. ([@bib0190]; [@bib0230], [@bib0220]; [@bib0285])). In the current study, the overlap paradigm was used in combination with automated eye tracking to assess infants' disengagement times. While the spatial resolution, robustness (i.e., how fragmented the contact with the eye tracker is), and precision of eye tracking is lower in infants as compared to co-operative adults ([@bib0305]), previous studies have shown that disengagement times assessed by eye tracking are in high agreement with disengagement times obtained by the standard manual coding of videos of eye movements in infants ([@bib0160]), and show expected levels of test-retest reliability ([@bib0160]; [@bib0240]).

In the overlap paradigm, the infants were shown photographs of two different women portraying happy, fearful, and neutral faces together with scrambled face control pictures ([@bib0215]). Altogether, a set of 48 trials were presented, including 12 trials per condition (each emotion and the control picture) and comprising 18 photographs of each woman, and 12 non-face control pictures, in a semi-random order.

During the experiment, the infants were first shown a picture of a face (or a non-face control stimulus) in the center of the screen for 1000 ms ([Fig. 1](#fig0005){ref-type="fig"}). Then, a lateral distractor (black and white checkerboard or circles) appeared on either left or right side of the face (a visual angle of 13.6°) for 3000 ms, simultaneously with the face. One trial lasted for 4000 ms. The sizes of the emotion-depicting pictures and distractor stimuli were 15.4° x 10.8° and 15.4° x 4.3°, respectively. A brief animation was shown after each trial to capture the attention of the infant to the center of the screen. Once the infant's gaze was in the middle of the screen, the next trial was presented by the researcher. The order of the central stimuli was semi-randomized, with a constraint that the same stimulus was not presented more than three times in a row. The lateral stimulus was selected and presented randomly for each trial.Fig. 1Illustration of the eye-tracking method used to assess infant's attention to social signals of emotion. After the infant looked at a fixation stimulus in the center of the screen (red circle), a face or a scrambled face pattern and subsequently a high-contrast lateral distractor were presented. The probability of attention disengagement from the central to the lateral stimulus was analyzed from the eye tracking data and used as a measure of attention to scrambled face patterns and neutral, happy, and fearful faces (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).Fig. 1

### 2.7.2. Extraction of disengagement probabilities {#sec0055}

The trial data, comprised of timestamps for the onset times of central and lateral pictures and the xy coordinates of the participants' gaze position (500 samples/second) were stored as text files, and analyzed offline using a library of Matlab 2016b (Mathworks, Natick, MA) scripts for preprocessing and analysis of SRTs from eye-tracking data (<https://github.com/infant-cognition-tampere/gazeanalysislib>) ([@bib0160]). Partially incomplete eye tracking data is common, and we used the following quality control criteria based on prior studies ([@bib0160]) to retain trials for the analysis. First, the infant\'s gaze had to stay in the area of the central stimulus \>70 % of the time preceding gaze disengagement or the end of the analysis period. Second, trials had to have a sufficient number of valid samples in the gaze data (i.e., no gaps/missing eye position data \>200 ms). Thirdly, trials had to have valid information about the eye movement from the central to the lateral stimulus (i.e., the eye movement did not occur during a period of missing gaze data). In order to be included in the analyses, the infant had to provide ≥3 valid trials for each stimulus condition. On average, the infants had 9.5, 9.7, 9.7, and 10.2 valid trials in the control, neutral, happy, and fearful conditions, respectively. Of these trials, *the mean probability of attention disengagement* from the central to the lateral stimulus was calculated for each stimulus condition and were used in statistical analyses.

2.8. Statistical analyses {#sec0060}
-------------------------

Analyses were performed using IBM SPSS Statistics version 24. Parametric methods were used to analyze the associations as the distribution of the main interest variables did not significantly violate the assumptions of normality (assessed by the Kolmogorov-Smirnov statistics, skewness and kurtosis of the distribution). First, the associations between the probability of disengagement in control, neutral, happy and fearful conditions, bilateral amygdala volumes and the relevant confounders were investigated with Pearson correlations. Based on significant correlations, Hierarchical Linear Regression was used to investigate the associations between the bilateral amygdala volume (corrected for intracranial volume by dividing amygdala volume with the total intracranial volume) and the probability of disengagement from (fearful) faces, after controlling for age at MRI from conception (and age from birth). Infant sex and sex by amygdala were included in the model to probe for the possible interaction by sex. All significance testing was 2-tailed with α = .05.

For completeness, we replicated the analyses by using raw volumes.

3. Results {#sec0065}
==========

3.1. Potential confounders influencing the association between the amygdala volume and the probability of disengagement {#sec0070}
-----------------------------------------------------------------------------------------------------------------------

Both the left and right amygdala volumes correlated positively with intracranial volume \[ICV\] (r = .607 and r = .580, p values \< .0001, respectively), but not with age at MRI from birth (p values \> .30) or age at MRI from conception (p values \> .16). The correlation between the left and right amygdala volumes was high, raw volumes r = .699, p \< .0001 and ICV-corrected volumes r = .532, p \< .0001, which is in line with prior reports ([@bib0065]). The probability of disengagement from faces (control, neutral, happy, and fearful) did not correlate with ICV (p values \> .42), age at MRI from birth (p values \> .12) or age at MRI from conception (p values \> .70). Consequently, both left and right amygdala volumes were adjusted for intracranial volume by dividing the amygdala volumes by ICV. Further, infant age at MRI from birth was controlled for in the regression analyses. The intercorrelations between the variables are presented in [Table 2](#tbl0010){ref-type="table"}.Table 2The Pearson correlations for Probability of Disengagement, Left and Right Amygdala Volumes, Intracranial volume, Age at MRI, Age at Eye Tracking, Head Circumference, and Birth Weight.Table 21.2.3.4.5.6.7.8.9.10.11.12.13.14.1. PD Sc12. PD Ne.337\*\*13. PD Ha.506\*\*.717\*\*14. PD Fe.307\*\*.787\*\*.594\*\*15. LAVol-.060.115.088.236^†^16. RAVol-.055-.039-.038.008.699\*\*17. ICV.072-.050-.026-.025.607\*\*.579\*\*18. LA_ICV-.118.166.125.302\*.856\*\*.493\*\*.11319. RA_ICV-.112-.021-.017.020.483\*\*.868\*\*.102.532\*\*110. MRI Age\#1-.018-.133-.214^†^-.127.032.062.315\*-.161-.112111. MRI Age\#2.026-.052-.042-.014.120.175.346\*\*-.063.005.418\*\*112. ET Age-.215^†^.162.093.071.203.160.196.122.076.060.107113. HC.045-.165-.054-.020.328\*\*.289\*.517\*\*.090.049-.258\*-.037.101114. BW-.161-.289\*-.151-.237^†^.223^†^.295\*.454\*\*-.014.090-.112.314\*.096.557\*\*1[^3]

3.2. The associations between the left and right amygdala volumes and attention disengagement from fearful faces {#sec0075}
----------------------------------------------------------------------------------------------------------------

The infants were less likely to disengage from fearful (M = .44) than happy (M = .55), neutral (M = .58), or scrambled (M = .75) faces, demonstrating an age-typical bias for fear. Across the whole sample, there was a significant positive correlation between the left amygdala volumes (adjusted for ICV) and the probability of disengagement from fearful faces (*r* = .302, p = .014). The right amygdala did not correlate with attention disengagement (*r* = .020, p = .87). Results with raw volumes were similar (left amygdala, r = .236, p = .059, right amygdala, r = .008, p = .949). No significant associations were found between other facial expressions and the left or right amygdala volumes (*p* values \> .19). The correlations between the variables of interest have been presented in [Table 2](#tbl0010){ref-type="table"}. The regression lines for the associations between the left amygdala volumes and the probability of disengagement from fearful faces were similar among both sexes ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2The associations between the left amygdala volume (adjusted for intracranial volume) and the probability of disengagement from non-fearful (i.e. happy and neutral) and fearful faces among male and female infants.Fig. 2

Next, hierarchical linear regression models with the probability of disengagement from fearful faces as the dependent variable and the left amygdala volume (adjusted for ICV), age at MRI from conception and infant sex as predictors were run. Further, the interaction between infant sex and left amygdala volume was also added to the model to probe for the possible sex differences.

Across the whole sample, the left amygdala was the only significant predictor of the probability of disengagement from fearful faces after controlling for the effects of age at MRI and infant sex: the larger the left amygdala volume the higher the probability to disengage specifically from fearful faces. The interaction between infant sex and the left amygdala volume was not a significant predictor of the probability of attention disengagement ([Table 3](#tbl0015){ref-type="table"}).Table 3Hierarchical multiple regression for the probability of disengagement from fearful faces for the whole sample.Table 3*R^2^ΔR^2^Unstandardized βStandardized βF for change in R^2^*Step 1.091[\*\*](#tblfn0005){ref-type="table-fn"}.077[\*\*](#tblfn0005){ref-type="table-fn"}6.34[\*\*](#tblfn0005){ref-type="table-fn"}Left amygdala (adjusted for ICV)1691.37[\*\*](#tblfn0005){ref-type="table-fn"}.302[\*\*](#tblfn0005){ref-type="table-fn"}Step 2.092.062.002Left amygdala (adjusted for ICV)1693.36[\*](#tblfn0010){ref-type="table-fn"}.303[\*](#tblfn0010){ref-type="table-fn"}Age at MRI.000.006Step 3.094.049.139Left amygdala (adjusted for ICV)1624.55[\*](#tblfn0010){ref-type="table-fn"}.291[\*](#tblfn0010){ref-type="table-fn"}Age at MRI5.099.001Infant sex-.028-.047Step 4.097.037.240Left amygdala (adjusted for ICV)637.67.114Age at MRI.000.003Infant sex-.329-.562Infant sex x Left amygdala715.47.504[^4][^5][^6]

4. Discussion {#sec0080}
=============

By demonstrating an association between amygdala volume at birth and subsequent development of attention to fearful facial expressions (i.e., larger left amygdala volume associating to higher probability to disengage from fear), this study provides a neural correlate for a well-established behavioral trait in infants and adds to the data by suggesting that prenatal and neonatal development of the amygdala may be a potential biomarker for postnatal behavioral phenotypes ([@bib0080], [@bib0075]; [@bib0250]). Attesting to the importance of these phenotypes, various sources of evidence suggest that the early-developing biases in attentional selection of visual information are foundational in the functional specialization of cortical networks ([@bib0110]) as well as the acquisition of secure attachment ([@bib0225]; [@bib0280]) and more complex social traits ([@bib0085]; [@bib0230]).

While the present study demonstrates an association between amygdala volume and attention to fearful faces in infants, it leaves open the specific mechanisms that mediate this association. Variations in the amygdala volume may arise from multiple factors, including genetic polymorphism ([@bib0260]) as well as intrauterine environmental factors, such as maternal inflammation ([@bib0080]) and depression ([@bib0235]). As an example, structural and functional connectivity within amygdala-prefrontal circuits is correlated with prenatal exposure to depression, with exposed infant showing increased bilateral, negative functional connectivity between the dorsal prefrontal areas and the amygdala, and decrease structural connectivity between the right prefrontal cortex and the right amygdala ([@bib0235]). The present results add to these studies by suggesting that the early-emerging structural variations in the amygdala, and possibly amygdala-cortical relations, which were not investigated here, may have important functional consequences on emotional information processing in infants. It has been speculated that such functional effects may be mediated by different mechanisms (Leppänen and Nelson, 2009), including direct feedback projections from the amygdala to visual-representation areas as well as connections from the amygdala to basal forebrain and cholinergic neurons that may transiently increase cortical excitability ([@bib0015]; [@bib0030]; [@bib0320]). These possibilities can be further studied by extending the present analyses of amygdala volume to individual variations in amygdala-cortical connections, and linking these variations with attention to facial expressions of fear ([@bib0295]).

In addition to its neural mechanisms, the hemispheric specificity and developmental significance of the association between the amygdala volume and attention to fearful faces require further research. There is currently no clear interpretation for the hemispheric specificity of the amygdala ([@bib0040]; [@bib0005]; [@bib0205]), which is also the case for the observed direction of the association between amygdala volume and attention to fearful faces. If increased amygdala volume signifies relatively greater risk ([@bib0080]; [@bib0095]), it may be expected to result in an exacerbated bias for fear ([@bib0060]; [@bib0125], [@bib0120]), contrary to the direction of the correlation in this study. However, the extant evidence is also open to the alternative possibility that the \"at-risk\" phenotype, as indicated by larger amygdala, reduces infants\' engagement with fearful faces - e.g., due to an avoidance of this cue or enhanced vigilance towards other competing inputs ([@bib0195]) - reflecting a less optimal trajectory of early social development([@bib0085]; [@bib0230]). Addressing these questions requires larger scale studies that examine amygdala volume and attention to fear in relation to pre- and postnatal environment (e.g., parental depression) and link early variations with long-term developmental outcomes. Future studies are also likely to capture the normative amygdalar growth in more detail and will be relevant for interpreting the findings of the current study ([@bib0210]).

In conclusion, the current results provide the first piece of evidence for a link between amygdala volumes and the well-established attentional bias for fearful facial expressions in infants. This finding suggest a connection from the prenatally defined variability in the amygdala size to early postnatal emotional and social traits, although further research is needed to examine the stability and mechanisms of this association, as well as its long-term significance.
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[^3]: PD = Probability of Disengagement; Sc = Scrambled; Ne = Neutral; Ha = Happy; Fe = Fearful; LAVol = Left amygdala (raw) volume; RAVol = Right amygdala (raw) volume; ICV = Intracranial Volume; LA_ICV = Left Amygdala adjusted for Intracranial Volume; RA_ICV = Right Amygdala adjusted for Intracranial Volume; MRI Age\#1 = MRI Age (days) from Birth; MRI Age\#2 = MRI Age (days) from Conception; ET Age = Age (months) at Eye Tracking; HC = Head Circumference; BW = Birth Weight.

[^4]: Age at MRI = Age from conception.

[^5]: *p* \< .01.
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